MicroRNAs (miRNAs) have been shown to play key regulatory roles in a range of biological processes, including cell differentiation and development. To identify miRNAs that participate in gonad differentiation, a fundamental and tightly regulated developmental process, we examined miRNA expression profiles at the time of sex determination and during the early fetal differentiation of mouse testes and ovaries using highthroughput sequencing. We identified several miRNAs that were expressed in a sexually dimorphic pattern, including several members of the let-7 family, miR-378, and miR-140-3p. We focused our analysis on the most highly expressed, sexually dimorphic miRNA, miR-140-3p, and found that both miR-140-3p and its more lowly expressed counterpart, the previously annotated guide strand, miR-140-5p, are testis enriched and expressed in testis cords. Analysis of the miR-140-5p/miR-140-3p-null mouse revealed a significant increase in the number of Leydig cells in the developing XY gonad, strongly suggesting an important role for miR-140-5p/miR-140-3p in testis differentiation in mouse.
INTRODUCTION
Sex determination, which is regulated by a number of molecular pathways, is a fundamental process for the maintenance and continuation of life. In mammals, sex is determined genetically through the inheritance of an X or a Y chromosome from the father. The main embryonic process that is influenced by the sex chromosomes is the differentiation of the bipotential genital ridge into a testis or an ovary.
The Y chromosome harbors the testis-determining gene Sry, which, in mouse, is transiently expressed in the supporting cell precursors of the indifferent genital ridge from 10.5 to 12.5 days postcoitum (dpc) [1] [2] [3] . SRY directly up-regulates the related factor SOX9 [4] , which drives the differentiation of these precursor cells into Sertoli cells [5, 6] . Sertoli cells then assemble around clusters of primordial germ cells (PGCs) to form the testis cords [7] . Sertoli cells also coordinate the differentiation of other cell types in the developing testis, including the migration of endothelial cells from the underlying mesonephros to form the testis-specific vasculature [8, 9] and the differentiation of interstitial cells into long, flattened peritubular myoid cells that will form a contractile layer around the testis cords [10] . Another cell type that differentiates from interstitial precursor cells is the steroidogenic Leydig cell. Leydig cells are initially specified by the morphogen desert hedgehog (DHH) secreted by Sertoli cells [11] . Additional Leydig cells are then recruited from undifferentiated progenitors, with the Notch signaling pathway maintaining the progenitor population and restricting their differentiation into fetal Leydig cells [12] .
In the absence of the Y chromosome, or if Sry is nonfunctional, ovarian determining pathways are activated, and the bipotential genital ridge will develop into an ovary. In contrast to the testis, the ovary changes very little morphologically during the first few days during embryonic development. At around 13.5 dpc, PGCs in an ovary will start to form germ cell nests or cysts and, as part of their differentiation process, start to enter meiosis in an anterior-to-posterior wave [13, 14] . Only after birth will the germ cell cysts break apart, with single germ cells becoming surrounded by granulosa cells, the supporting cell lineage of the ovary, to form the primordial follicle [15] .
While less than 1.5% of the mammalian transcriptome encodes proteins, at least 80% is transcribed (ENCODE 2012) , suggesting that the mammalian genome encodes a vast suite of RNAs, most of which may be regulatory [16] and are likely to play key roles in developmental processes, including gonad formation. MicroRNAs (miRNAs) are the most well-studied class of small nonprotein-coding RNA and are now known to affect nearly all fundamental cellular processes, including cell differentiation, proliferation, cell-cycle regulation, and development [17] [18] [19] . These 20-to 22-nucleotide (nt)-long RNAs are transcribed in the nucleus as long primary transcripts and cleaved to form a 70-to 80-nt stem-loop precursor. This premiRNA is further processed in the cytoplasm into a ragged-end RNA duplex, normally thought to consist of the so-called ''mature'' miRNA, and its presumed nonfunctional counter part, dubbed the miRNA* [20] . The most widely accepted models posit that the mature miRNA is selected as the guide strand, which mediates gene regulation by directing the RNAinduced silencing complex RISC to a target mRNA, while the miRNA* strand is quickly degraded [21] .
Previous expression profiling experiments investigating fetal and postnatal mouse ovaries and testes have demonstrated that miRNAs are expressed in a sexually dimorphic pattern [22] [23] [24] [25] , including high expression of miR-106b and miR-107 in testes and high levels of let-7a, let-7b, and let-7c in ovaries [22] . To identify the role miRNAs play in gonad development, a conditional Dicer1 knockout mouse was used to completely ablate miRNAs in the gonad. These mice displayed a relatively late phenotype after birth [26] [27] [28] [29] . This late phenotype is due to the fact that the Cre deleter in mice used in these experiments is activated at around 13.5 dpc in the differentiating gonad, 2 days after sex is determined by the expression of Sry. In addition, Papaioannou et al. [29] found that miRNA levels decreased only very slowly following Dicer1 deletion, demonstrating that miRNAs are stable for days. It is, therefore, clear that studies of miRNA function at early gonad development time points must be restricted to individual miRNAs that can be selectively ablated.
In the present study, we investigated the miRNA expression profiles between the developing XY and XX gonad at 11.5, 12.5, and 13.5 dpc using high-throughput sequencing. This approach allowed us to successfully identify sexually dimorphic expression of 46 miRNAs. Candidates were validated, and further characterization of the mir-140 knockout mouse established a role for miR-140-5p/miR-140-3p in testis differentiation.
MATERIALS AND METHODS

Animal Collection, Gonad Tissue Collection, and Embryo Sexing
Embryos were collected from timed matings of outbred CD1-strain mice, with noon of the day on which the mating plug was observed designated as 0.5 dpc. Embryo sex was determined using PCR, with tail DNA for the Y chromosome gene Zfy (5P: 5 0 -GAC TAG ACA TGT CTT AAC ATC TGT CC-3 0 ; 3P: 5 0 -CCT ATT GVA TGG ACT GVA GCT TAT G-3 0 ) and the X chromosome gene Ube1x (5P: 5 0 -TGG TCT GGA CCC AAA CGC TGT CCA CA-3 0 ; 3P:5 0 -GGC AGC AGC CAT CAC ATA ATC CAG ATG-3 0 ). Protocols and use of animals were approved by the Animal Welfare Unit of the University of Queensland (approval IMB/131/09/ARC), which is registered as an institution that uses animals for scientific purposes under the Queensland Animal Care and Protection Act. The generation of the pre-miR-140-null mice has been described previously [30] , and experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at the National Institute for Child Health and Development.
Small RNA Library Construction and Sequencing
To analyze differences between XY and XX developing gonads, gonads (mesonephroi removed) were dissected from 11.5, 12.5, and 13.5 dpc mouse embryos. Small RNAs from all samples were prepared in parallel using the miRNeasy Mini Kit (Qiagen) from pooled testes and ovaries from 11.5 dpc to 13.5 dpc, with 15 genital ridges per pool at 11.5 dpc and 12-14 gonad pairs per pool at 12.5 and 13.5 dpc. The quality of the RNA was analyzed using a BioAnalyzer and was of high quality (RIN score .8). RNA (1.5 lg) was used for each sex and stage to prepare six libraries, which were sequenced on the Illumina Genome Analyzer II platform (Illumina) using a standard single-read 36-cycle sequencing protocol and Illumina's sequencing reagents according to the manufacturer's recommendations. Each library was sequenced individually on a single-flow cell lane (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org).
To further quantify miRNA expression, we investigated small RNAs (15-36 nt) from testes and, for comparison, limb buds from 13.5 dpc mouse embryos using the MiSeq platform (Illumina; Supplemental Table S1 ). Independent, directional small RNA libraries suitable for sequencing on the MiSeq platform were prepared using TruSeq Small RNA Sample Preparation Kit (part# RS-200-0012; Illumina) following the manufacturer's recommendations. Libraries were size selected as per the standard protocol and were quantified on the Agilent BioAnalyzer 2100 (G2939AA; Agilent) using the High Sensitivity DNA kit (5067-4626; Agilent). Quantified libraries were subsequently sequenced on the Illumina MiSeq sequencing platform running software version 2.0.5 and a titration point of 8pM for cluster generation. Each library was sequenced as per the manufacturer's recommendations using MiSeq Reagent Kit 50 Cycles (MS-102-1002; Illumina), with matched lot numbers generating reads of 50 bp. A single index read of 6 bp was generated in addition to the 50-bp read to positively identify samples and minimize cross talk.
Small RNA Mapping and Normalization
In all cases, high-throughput sequencing tags were adaptor trimmed using the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) and mapped to the latest version of the mouse genome (NCBI37/mm9) using Bowtie [31] . To avoid erroneous identification of miRNAs, no mismatches were allowed. To enable comparison between libraries, tags were normalized by library depth, or counts per million (cpm). Briefly, the abundance of each sequence detected was divided by the total abundance of small RNAs in each library (see Supplemental Table S1 ), and the result was divided by 10 6 .
miRNA Expression Comparison
The mapped positions of the small RNA sequencing tags were intersected with the annotated genomic positions of mature and star (*) mouse miRNAs in miRBase (Release 15.0; http://microrna.sanger.ac.uk/sequences/index.shtml) [32] . Only tags that mapped within an miRNA locus (mature or star) flanked by six nt on both sides of the miRBase annotation were classified as miRNAs. Only miRNAs mapping to a single location in the genome or mapping within a known miRNA precursor were used for differential expression analysis. Normalized expression level (cpm) of each miRNA was compared between XY and XX gonads for each sequenced developmental stage. All analyses were performed using a series of in-house-developed Perl scripts and the R statistical analysis software (http://www.r-project.org/).
Target Prediction
Messenger RNA targets for miR-140-3p and miR-140-5p within the Notch signaling pathway were predicted in silico using MirWalk [33] . To identify other potential gene targets for miR-140-3p, the target predictions for the two most prevalent isomiRs were passed into TargetScan 5.2 Custom [34] , MirWalk, and RNA22 [35] , and the prediction sets were intersected. Whenever a target was predicted by at least two programs, it was considered as a gene likely to be targeted by miR-140-3p.
Quantitative Reverse Transcription PCR
Gonads from 11.5 dpc to 13.5 dpc were dissected, and RNA was extracted using an miRNeasy RNA Mini Kit following the manufacturer's instructions and eluted in 30 ll RNase-free water. RNA was reverse transcribed using the Multiscribe Reverse Transcription enzyme (Applied Biosystems), with the following parameters: 30 min at 168C, 30 min at 428C, 5 min at 858C.
Real-time PCR was performed using the Taqman Small RNA Assay (Applied Biosystems) following the manufacturer's instructions and the ABI-PRISM 7000 sequence detection system (Applied Biosystems) with the following parameters: 958C for 10 min, 958C for 15 sec, and 608C for 60 sec, repeated over 40 cycles. Quantitative reverse transcription PCR (qRT-PCR) was performed in triplicate with at least three independent biological samples. Results were normalized to the small nucleolar RNA snoRNA202. Significance was tested using Student t-test for samples of unequal variance.
Locked Nucleic Acid In Situ Hybridization
The double digoxigenin-labeled, predesigned miRCURY locked nucleic acid (LNA) probes for section in situ hybridization (ISH) detection of miR-140-5p and miR-140-3p, as well as an miR-scramble probe, were obtained from Exiqon. Embryos were fixed in 4% paraformaldehyde (PFA) in PBS (PFA/ PBS), embedded in OCT compound (Sakura Finetek), and cryo-sectioned at 10 RAKOCZY ET AL.
lm. LNA-ISH was conducted as previously described [36] , with the following modifications. Hybridization of the probe occurred overnight with 1 pmol/ll probe diluted in prehybridization solution at 588C. Postantibody washes, three times for 5 min each, were performed in NT buffer (150 mM NaCl and 50 mM Tris-HCl [pH 7.5]), followed by incubation for 10 min in NTM buffer (100 mM NaCl, 100 mM Tris-HCl [pH 9.5], and 50 mM MgCl 2 ). The color reaction was prepared with 3.5 ll nitroblue tetrazolium and 3.5 ll 5-bromo-4-chloro-3-indolyl-phosphate (Roche) per milliliter NTM and incubated in the dark until color developed. The reaction was terminated in PBS, and samples were postfixed in 4% PFA/PBS for 10 min at room temperature. Slides were mounted with Mount-Quick aqueous mounting medium (SPI Supplies) and photographed using an Olympus BX-51 microscope (Olympus).
Whole-Mount Immunofluorescence and Quantification
Mouse embryonic gonads were collected at 13.5 and 15.5 dpc, fixed for several hours with 4% PFA/PBS, washed three times with PBS þ 0.1% Triton 3-100, and stored in 100% MeOH. To reduce the background, samples were incubated in a 3:2:1 solution of (respectively) methanol, dimethyl sulfoxide, and H 2 O 2 . Immunofluorescence was performed as described before [8] . Anti-SCC antibody [37] was used at a 1:300 dilution and detected with anti-rabbit alexa 647 (Invitrogen). Samples were imaged on a Zeiss LSM 510 Meta confocal microscope (Zeiss) using a 403 oil objective. Data were acquired as nonoverlapping, consecutive, 2-lm optical sections until the depth at which the working distance for the objective was reached. Overlapping fields of view were stitched using the Fiji image analysis program (http://fiji.sc/Fiji). All SCCpositive cells were counted on every third optical section for the first 72 lm of each sample and then averaged. This process was repeated for three wild-type and three knockout samples at 13.5 dpc and four wild-type and four knockout samples at 15.5 dpc. Data are represented as an average of all samples within a genotype and age, and error bars represent the SEM. Significance was tested using Student t-test for samples of unequal variance.
Northern Blot
Gonads of 13.5 dpc mouse embryos were dissected, and RNA was extracted using the miRNeasy RNA Mini Kit following the manufacturer's instructions. To concentrate the RNA, samples were pooled, and 400 ll of TRL buffer (Qiagen) and 1 ml of 100% EtOH were added before being loaded onto a microspin column (Qiagen), washed with 500 ll of RPE buffer (Qiagen), washed with 80% EtOH, and eluted in 20 ll of RNase-free water. Northern blot analysis was conducted following the protocol previously described [38] . DNA oligonucleotides (10 pmol) were radiolabeled with 2 ll 32 P c-ATP (3000 Ci/ mmol; Perkin Elmer) and T4 Polynucleotide Kinase (NEB) at 378C f or 1 h. Free nt were removed through a G-50 spin column (GE Healthcare Life Sciences). The labeled probe was heated to 858C for 5 min and hybridized to the membrane. Hybridization was carried out following the protocol reviewed by the Bartel laboratory [39] .
RESULTS
Small RNAs Show Sexually Dimorphic Expression During Gonad Development
To identify small RNAs that expressed a sexually dimorphic manner, we sequenced small RNAs extracted from XY and XX mouse fetal gonads at 11.5, 12.5 and 13.5 dpc. From a total of 717 miRNAs annotated in miRBase 15 [32] , 331 miRNAs were expressed during gonad development. Of these, 46 miRNAs were differentially expressed more than 1.5-fold at 11.5 dpc and more than 2-fold at 12.5 and 13.5 dpc, between testes and ovaries (Supplemental Table S2 ). These miRNAs included members of the well-characterized let-7 family; let-7c and let-7e were enriched in XY genital ridges at 11.5 dpc (Supplemental Table S2 ), and let-7d was expressed at higher levels in ovaries compared to testes at 13.5 dpc (Supplemental Table S2 ). However, to eliminate the potentially confounding effects of multimapping small RNA deep-sequencing reads, we chose to restrict our analysis to miRNAs that could be analyzed unambiguously, i.e., miRNA loci that were entirely unique within the mouse genome. Twenty-three of the 46 differentially expressed miRNAs fulfilled this requirement (Fig. 1, Table 1 , and Supplemental Fig. S1 ), enabling us to unequivocally quantify their expression. Among these miRNAs (Fig. 1) , expression of 17 was testis enriched, and six ovary enriched (Table 1) , consistent with the fact that during this time period the testis undergoes major morphological changes, whereas the ovary remains relatively quiescent. Of the 17 testis-enriched, expressed miRNAs, seven are encoded on the X chromosome ( Table 1 ). The testis-enriched miRNA miR-140-3p (formerly miR-140*) and the ovary-enriched miRNA miR-378 showed the highest overall expression levels. Interestingly, miR-485 and miR-878-5p expression switched from being ovary enriched at 11.5 dpc and 12.5 dpc, respectively, to testisenriched expression at 13.5 dpc, thereby representing the first examples of genetic elements whose expression switches between these two organs.
miR-140-3p Is Expressed in the Developing Testis
We chose the candidate with the highest overall expression level, miR-140-3p, for detailed analysis. To confirm the dynamics and sex-specific up-regulation of this miRNA, we performed qRT-PCR of embryonic gonads from 11.5 dpc to 13.5 dpc (Fig. 2A, right panel) and compared the results with those obtained from high-throughput sequencing ( Fig. 2A, left  panel) . Both approaches showed that miR-140-3p was expressed at low levels at 11.5 dpc in XX and XY genital ridges, but that by 12.5 dpc there was a significant increase in miR-140-3p expression in the developing testis, but not the ovary, and that this expression was maintained until at least 13.5 dpc.
To identify the spatial and cellular expression patterns of miR-140-3p, we performed LNA-ISH on mouse embryo sections from 11.5 dpc (data not shown) to 13.5 dpc (Fig.  2B) . miR-140-3p was not detectable in the developing ovary at any stage investigated (Fig. 2B, top panel) or at 11.5 dpc in the XY genital ridge (data not shown). At 12.5 dpc, miR-140-3p was detected at very low levels in the developing testis, which increased to robust levels at 13.5 dpc (Fig. 2B, bottom panel) . The expression of this miRNA was clearly restricted to testis (Fig. 2B, arrowheads) , which comprise germ cells surrounded by supporting Sertoli cells.
To further validate the testis-enriched expression, we also performed Northern blot hybridization of small RNAs isolated from 13.5 dpc testes and ovaries using radiolabeled DNA oligonucleotides antisense to the corresponding miRNA. These experiments not only confirmed that miR-140-3p is more highly expressed in testes compared to ovaries, but also FIG. 1. Differentially expressed miRNAs during mouse gonad development. Normalized abundance (cpm) of miRNAs that are sexually dimorphic expressed between testes (blue bars) and ovaries (pink bars) at 11.5 dpc (A), 12.5 dpc (B), and 13.5 dpc (C). with more than 1.5-fold expression difference (A) and 2-fold difference (B, C), respectively. Fold difference is shown above each pair of bars; negative numbers indicate higher expression in testes, while a positive number indicates higher expression in ovaries.
RAKOCZY ET AL. and ovaries (XX) at 11.5, 12.5, and 13.5 dpc demonstrate testis-enriched expression of miR-140-3p. High-throughput sequencing expression is shown in cpm. At least three independent experiments were performed for qRT-PCR analysis (mean 6 SEM; *P 0.5, **P 0.01, ***P 0.001; ns, not statistically significant), with individual experiments performed in triplicate on RNA obtained from pooled gonads from three to four littermates and expression levels shown relative to sno202 RNA. B) LNA-ISH on sagittal sections of mouse embryos at 12.5 and 13.5 dpc for miR-140-3p detected expression in testis cords (arrowheads) at 13.5 dpc. O, ovary; T, testis. Bar ¼ 100 lm. C) Northern blot hybridization for miR-140-3p (top panel) in 13.5 dpc mouse testes (XY) and ovaries (XX) demonstrated testis-enriched expression as well as the presence of at least two isomiRs (arrowheads). Lysine-tRNA served as loading control (bottom panel). 
ROLE OF miR-140-3p IN TESTIS DEVELOPMENT
detected at least two variants, or isomiRs, of slightly different lengths (Fig. 2C) . The presence of these isomiRs was confirmed in the high-throughput sequencing data, which identified a total of four miR-140-3p isomiRs (Table 2) . When compared to the ''canonical'' miR-140-3p sequence annotated in miRBase, we found that the most abundant miR-140-3p isomiR was one nt shorter at its 5 0 end and two nt longer at its 3 0 end (Table 2 ). This and a second miR-140-3p isomiR varied in their 5 0 end from the annotated sequence, resulting in a different ''seed'' sequence, i.e., the region spanning nt 2 to 8 that is essential for target recognition [40] . It is likely that each miR-140-3p isomiR targets different gene subsets [41] , which could further fine-tune the testis-specific developmental program.
miR-140-5p Is Expressed in the Developing Testis
Until recently, miR-140-3p was the annotated passenger strand, or star strand, of the mir-140 duplex. We therefore also analyzed the expression of the opposing strand, miR-140-5p, during gonad development. High-throughput sequencing analysis showed that miR-140-5p was expressed at low levels in ovaries and testes at 11.5 dpc, before its expression increased in gonads of both sexes by 12.5 dpc (Fig. 3A) . At 13.5 dpc, miR-140-5p expression further increased in the developing testes but not ovaries (Fig. 3A) . We validated the testisenriched expression of miR-140-5p by qRT-PCR, which showed statistically significant higher expression in testes compared to ovaries at all three stages (Fig. 3B) . Finally, we performed LNA-ISH of mouse embryonic gonads from 11.5 dpc (data not shown) to 13.5 dpc (Fig. 3C) . We detected clear expression of miR-140-5p in testis cords at 13.5 dpc (Fig. 3C , bottom right panel).
The Predicted Passenger Strand, miR-140-3p, Is the Predominant Strand in Testes and Chondrocytes
Interestingly, the presumed guide strand, miR-140-5p, has been previously reported as the dominant miR-140 strand in mouse and zebrafish cartilage [42, 43] , and has been reported to have a role in cartilage development and homeostasis in mouse [30] and palate development in fish [44] . Section LNA-ISH of whole mouse embryos at 13.5 dpc showed that, however, similar to the embryonic testis, both miR-140-5p (Fig. 4A, left panel) and miR-140-3p (Fig. 4A, right panel) were expressed at sites of cartilage formation, such as the ribs (Fig. 4A, arrowheads) .
To independently confirm that miR-140-3p is the strand predominantly expressed in the testis and to determine which of the two miRNA strands, miR-140-5p or miR-140-3p, is predominantly expressed in cartilage, we performed highthroughput sequencing of 13.5 dpc mouse testes and limb buds using the Illumina MiSeq platform. Surprisingly, we found that miR-140-3p is expressed at higher levels than miR-140-5p in both tissues (Fig. 4B) , contradicting previous studies reporting miR-140-5p as the prevalent strand expressed at sites of chondrogenesis and further strengthening our results that show
Testis-specific expression of miR-140-5p. High-throughput sequencing (A) and qRT-PCR (B) of mouse embryonic testes (XY) and ovaries (XX) at 11.5, 12.5. and 13.5 dpc demonstrate testis-enriched expression of miR-140-5p. High-throughput sequencing expression is shown in cpm. At least three independent experiments were performed for qRT-PCR analysis (mean 6 SEM; *P 0.5, **P 0.01, ***P 0.001; ns, not statistically significant) with individual experiments performed in triplicate on RNA obtained from pooled gonads from three to four littermates and expression levels shown relative to sno202 RNA. (C) LNA-ISH on sagittal section of mouse embryos at 12.5 and 13.5 dpc for miR-140-5p detected expression in testis cords (arrowheads) at 13.5 dpc. O, ovary; T, testis. Bar ¼ 100 lm.
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miR-140-3p is the most prevalent strand in the developing testes (Fig. 1) .
miR-140-5p/miR-140-3p Modulate Leydig Cell Numbers
Having detected expression of predominantly miR-140-3p, but also lower levels of miR-140-5p, in the developing testis, we next examined the role of these miRNAs in gonad differentiation by analyzing a mouse line with targeted deletion of pre-mir-140, i.e., a deletion of the hairpin that encodes both miR-140-5p and miR-140-3p [30] . We confirmed that miR-140-3p and miR-140-5p are absent in the developing gonads using qRT-PCR on 13.5 dpc testes from heterozygous and knockout embryos (Supplemental Fig. S2 ). Using analysis of marker gene expression, we found that XX fetuses developed ovaries that appeared normal at 13.5 dpc (data not shown). Similarly, XY fetuses developed testes, as shown by the formation of testis cords, expression of the Sertoli cell marker SOX9 (Fig.  5A, upper panel) and the Leydig cell marker SCC (Fig. 5A , middle panel), and absence of the ovary-specific protein FOXL2 (data not shown). Also, PGCs appeared to differentiate normally, with the continued expression of the pluripotency marker OCT4 and absence of the meiosis-associated marker SCP3 (Fig. 5A, bottom panel) . While initial analysis suggested an increase in Sertoli cell number as observed by the expression of SOX9 (Fig. 5A, upper panel) , this was not confirmed using additional samples. However, a detailed examination of SCC expression revealed a reproducible increase in Leydig cell numbers in the mir-140-null compared to wild-type testes (Fig. 5B) . Quantification of this phenotype using SCC whole mount immunofluorescence confirmed a significant 2.6-and 1.6-fold increase in Leydig cell numbers at 13.5 and 15.5 dpc, respectively (Fig. 5C ).
miR-140 Targets
The testicular phenotype observed in the mir-140-null embryos closely resembles the phenotype observed in disrupted Notch signaling [12] . To investigate this further, we queried for targets of miR-140 using miRWalk [33] and identified nine genes associated with Notch signaling that were predicted to be targeted by canonical miR-140-5p or miR-140-3p (Supplemental Table 3 ). Here we have shown, however, that the most highly expressed miR-140-3p species in the testis is not the annotated ''mature'' miRNA, but is in fact two isomiRs with different seed sequences ( Table 2 ). To assess the target genes of these species, we queried for potential miR-140-3p isomiR targets using miRWalk, TargetScan, and RNA22 (see Materials and Methods). Intriguingly, even if using the stringent criteria that a gene must be identified as a potential target by at least two algorithms, this analysis resulted in the identification of a total of 26 putative genes targeted by either or both of the two most abundant miR-140-3p isomiR, and the annotated mature miRNA sequence (Table 3) . Intriguingly, this set of putative targets includes the X-linked MECP2, a methylCpG binding protein that functions as both an activator and repressor of transcription [45] . Recent work has shown that duplication of MECP2 is associated with undescended testes and micropenis [46] .
DISCUSSION
MicroRNAs have been shown to play a role in almost all developmental processes (for review see [47, 48] ). However, their function during mouse sex determination and early gonad differentiation has not been studied in detail. Here, we identified miRNAs that were differentially expressed in developing mouse gonads at 11.5 dpc, the time when sex is determined, to 13.5 dpc, when testes and ovaries begin to differentiate. We focused our analysis on mir-140 and have shown that, in contrast to the published literature, the assumed passenger strand, miR-140* or miR-140-3p, is the predominantly expressed strand not only in the developing testis but also at sites of chondrogenesis. In addition, we demonstrated that miR-140-5p/miR-140-3p play a role during testis differentiation by regulating the Leydig cell number.
Sexually Dimorphic miRNAs
Using Illumina high-throughput sequencing, we identified 23 miRNAs that were differentially expressed between XX and XY embryonic gonads. Of these, 17 were testis enriched and six were ovary enriched. Comparison with other miRNA expression studies of testes and ovaries from various stages of development and species revealed that approximately half of the identified miRNAs were also detected to be sexually dimorphic in other systems, corroborating our results. For example, seven of the testis-enriched miRNAs, miR-130a, miR-434, miR-202, miR-140-5p, miR-470, miR-743a, and miR- 741   FIG. 4 . miR-140-3p is the predominantly expressed strand in embryonic testes and limb buds. A) LNA-ISH on sagittal sections of 13.5 dpc XX mouse embryos for miR-140-5p (left panel) and miR-140-3p (right panel) showed that both miRNA strands are expressed at sites of chondrogenesis, such as the developing ribs (arrowheads). Bar ¼ 1 mm. B) High-throughput sequencing of mouse embryonic limb buds (LB) and testes (XY) at 13.5 dpc demonstrate higher accumulation of miR-140-3p over miR-140-5p in both tissues. High-throughput sequencing expression is shown in cpm.
ROLE OF miR-140-3p IN TESTIS DEVELOPMENT were cloned from postnatal testes at Day 8 and/or Day 15 [49] , miR-872 was shown to be expressed by Sertoli cells [29] , and for miR-184, a functional role through the regulation of Ncor2 in spermatogenesis has been demonstrated [50] . Similarly, miR-202 and miR-140-5p are also testis enriched, and miR-423, miR-28, miR-378, and miR-206 are ovary enriched, in cattle and/or sheep [51, 52] . In addition, prior work investigating embryonic mouse gonads confirmed the transient expression of miR-378 at 12.5 dpc in the developing ovary [22] , but this work failed to directly compare miRNA expression levels between ovaries and testes, making it difficult to assess sexually dimorphic expression [22] . Since all of these studies used different techniques (e.g., cloning, microarray, qRT-PCR), different stages (ranging from embryonic to adult gonads), and different species (e.g., mouse, cattle, sheep), any miRNA that has been identified by two or more of these studies is a good candidate for having a role in gonad biology.
Almost half of the testis-enriched miRNAs are located on the X chromosome. This phenomenon mirrors a previous study showing that genes expressed in testes before spermatogenesis occurs are enriched on the X chromosome [53] . It supports the hypothesis in Rice [54] that any recessive allele, which arises on the X chromosome and gives males an advantage, is immediately open to positive selection because there is only one X. Interestingly, many miRNAs encoded on the X chromosome escape meiotic sex-chromosome inactivation (MSCI) [55] , which occurs only in male meiotic germ cells during spermatogenesis and is characterized by transcriptional silencing of genes on both the X and Y chromosome [56] . The seven X-chromosomal miRNAs, miR-470, miR-871, miR-741, miR-743a, miR-465a-5p, miR-743b, and miR-878-5p, identified to have testis-enriched expression during embryonic gonad development in this study, all escape MSCI [55] , suggesting that they play a role during gonad differentiation as well as spermatogenesis.
Regulation of miR-140-5p/miR-140-3p Expression
The miRNA that showed the highest expression in testes in the work presented here was miR-140-3p. We also found that its opposing strand, miR-140-5p, was testis enriched, albeit at a much lower level of expression. Intriguingly, miR-140-5p was previously identified as highly expressed in chondrocytes [42] , which suggests that a transcription factor common to both wild-type and mir-140-null fetuses at 13.5 dpc. Wild-type and mir-140-null testes showed conspicuous testis cords with strong expression of SOX9 protein, no meiotic germ cells (demonstrated by the lack of SCP3 expression) and Leydig cells in the interstitium marked by SCC expression. B) Closer examination of at least eight different wild-type and mir-140-null testes at 13.5 dpc using SCC immunofluorescence revealed a consistent increase in Leydig cell numbers in testes lacking pre-mir-140. Bars ¼ 100 lm (A) and 50 lm (B). C) Quantification of SCC-positive cells by whole-mount anti-SCC immunofluorescence of three wild-type and three knockout samples at 13.5 dpc and four wild-type and four knockout samples at 15.5 dpc. Data are represented as an average of all samples within a genotype and age, and error bars represent the SEM. Significance was tested using Student t-test for samples of unequal variance (*P 0.5, **P 0.01).
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tissues might transcriptionally regulate the expression of the primary mir-140 transcript. For sites of cartilage formation, one regulator, SOX9, has been shown in zebrafish and mouse to directly regulate pri-mir-140 expression [57, 58] . SOX9 is not only a master regulator of chondrogenesis but is also necessary and sufficient for testis differentiation [59] [60] [61] [62] . Sox9 is expressed in Sertoli cells [5, 6] , the supporting cell lineage in the testis. We detected miR-140-5p/miR-140-3p expression in testis cords, which are comprised of a cluster of germ cells surrounded by Sertoli cells, suggesting that in the XY gonad SOX9 also regulates the expression of these miRNAs in Sertoli cells.
Target Genes of miR-140-3p and miR-140-5p in Chondrocytes and Testis A number of publications have presented evidence of high expression of miR-140-5p in chondrocytes in human, mouse, and zebrafish and have characterized the role of this miRNA in chondrocyte development and function [30, 42, 57, 58, 63, 64] . Only one of these studies also reported the expression of miR-140-3p, the opposing and presumed passenger strand [65] . Surprisingly, we found miR-140-3p to be the strand that is predominantly expressed not only in the developing testis but also in chondrocytes. It appears that most, if not all, of the studies characterizing miR-140-5p in cartilage development failed to investigate miR-140-3p [30, 42, 57, 58, 63, 64] and, therefore, did not compare levels between the two strands in these cells.
The two opposing strands of an miRNA have different seed sequences and are, therefore, predicted to regulate a different set of target genes. Several target genes for miR-140-5p in chondrocytes have been identified, such as Hdac4 [42] , Pdgfra [63] , Igfbp5 [66] , Adamts5 [30] , Smad3 [67] , and Cxcl12 [68] . The fact that miR-140-5p is expressed in these cells means that such regulation may indeed take place. However, miR-140-3p is also expressed, and at higher levels than the miR-140-5p strand. Therefore, it is feasible that a number of target genes that play important roles during chondrogenesis are yet to be discovered and may in fact be revealed by further investigation of miR-140-3p behavior and function.
The genes identified and validated to be targeted by miR-140-5p include genes that are known to play a role in gonad development and disease, such as Bmp2, a gene that is expressed in the ovary during gonad development [69] ; Pdgfra, which has been implicated in the formation of testis-specific vasculature [70] ; and Smad3, which plays a role in testicular and ovarian cancer [71] . It is possible that regulation of these genes by miR-140-5p also plays a role during sex differentiation. However, miR-140-5p is weakly expressed in the developing testes, suggesting that miR-140-3p may be equally, if not more, important in gonad development. Using a combination of three different algorithms, we have predicted 26 genes that are likely to be regulated by miR-140-3p. These include the genes encoding MECP2 (as discussed above), LIMkinase 2, the nuclear receptor NR2F2, betaglycan (TGFBR3), and germ cell nuclear factor (GCNF or NR6A1), all of which have been shown to play a role in testis development, Leydig cell differentiation, and function and spermatogenesis [72] [73] [74] [75] . However, adult miR-140-5p/miR140-3p-null mice are fertile [30] , suggesting that miR-140 must only weakly target these transcripts or that other regulatory RNA species compensate for its loss-the latter of which is likely, given that any given transcript is generally targeted by a suite of miRNAs. This would also be consistent with the fact that very mild effects been observed for a number of miRNA knockouts [76] .
Role of miR-140-5p/miR-140-3p During Testis Development
The deletion of miR-140-5p/miR-140-3p resulted in an increase in Leydig cell numbers at 13.5 dpc. Two pathways are involved in the differentiation of Leydig cells, the hedgehog [11] and the Notch signaling pathway [12] . While hedgehog signaling is important for the initial specification of Leydig cells, Notch signaling restricts further differentiation of Leydig progenitor cells. The observed phenotype of the miR-140-5p/ miR-140-3p knockout mouse is very similar to that from blocking Notch signaling, and we have identified a number of putative target genes that are associated with this signaling pathway that are predicted to be targeted by either miR-140-5p or miR-140-3p. Expression analysis of these genes in the mir-140-null mice could provide evidence to support the hypothesis that they are indeed target genes. Certainly, the fact that miR-140-3p and miR-140-5p are expressed in Sertoli cells, while a phenotype is observed in Leydig cell differentiation, indicates the involvement of a signaling pathway, i.e., these miRNAs are likely to regulate the expression of factors produced by Sertoli cells that influence the Leydig cells differentiation. 
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